
JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000
Low-energy spin-wave excitations in the bilayer manganite La 1.2Sr1.8Mn2O7

S. Rosenkranz,a) R. Osborn, and J. F. Mitchell
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

L. Vasiliu-Dolocb) and J. W. Lynn
NIST Center for Neutron Research, National Institute for Standards and Technology, Gaithersburg,
Maryland 20899 and Department of Physics, University of Maryland, College Park, Maryland 20742
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Inelastic neutron scattering experiments were performed on a single crystal of the bilayer manganite
La1.2Sr1.8Mn2O7. Low-energy spin-wave excitations were observed along thec direction with a
maximum energy of; 0.5 meV at the zone boundary. The dispersion of these acoustic spin wave
modes is modeled by a nearest-neighbor Heisenberg model with an interbilayer exchange
interaction between neighboring spins in different bilayers of 0.048~1! meV and an anisotropy gap
of D 5 0.077~3! meV. These results confirm the two-dimensional nature of the spin correlations in
the bilayer manganites, with a ratio of the in-plane to interbilayer interaction of; 200. The
temperature dependence of the energies and intensities of the spin wave excitations are in agreement
with our earlier conclusion that the ferromagnetic transition is second order. ©2000 American
Institute of Physics.@S0021-8979~00!42508-9#
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I. INTRODUCTION

The double-layer manganites La222xSr112xMn2O7,
wherex is the hole doping in the MnO2 layers, have pro-
vided important insights into the mechanisms of colos
magnetoresistance~CMR!.1–11 The lower dimensionality of
these systems enhances the magnetic fluctuations in the
magnetic phase, making it easier to study the interplay
spin, charge, and lattice correlations involved in produc
the CMR effect.2–4 In previous neutron scattering investig
tions of the spin correlations in the 40% hole-doped bila
compound, quasi two-dimensional~2D! ferromagnetic spin
fluctuations aboveTC'113 K were observed.2,6 The reduced
dimensionality was attributed to a strong anisotropy in
nearest-neighbor exchange constantsJ1;J2@J3 ~see Fig. 1!
caused by the~La,Sr!O layer separating the bilayers. Mor
recently, we showed that these spin correlations develop
ventionally according to the quasi-2D model for XY magne
and are ultimately responsible for the magnetic and conco
tant metal–insulator phase transitions.4

Inelastic neutron scattering investigations of the spin
namics in the layered compounds have so far focused
determining the exchange constants at low temperature.7–9 In
view of the unconventional behavior observed in some thr
dimensional compounds,12 it is important to investigate the
behavior of the spin dynamics close toTC . We have there-
fore started an investigation of the low-energy spin-wave
citations in the 40% hole-doped bilayer mangan
La1.2Sr1.8Mn2O7, using high resolution neutron spectroscop
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II. THEORETICAL MODEL

In the doping range 0.34< x < 0.4, the layered man
ganites La222xSr112xMn2O7 order ferromagnetically with
the Mn spins aligned within the planes as shown in Fig.
For the spin wave calculation, we solve the Heisenb
Hamiltonian

H52
1

2 (
j j 8

(
kk8

J~kk8
j j 8 !Sj

kSj 8
k8 , ~1!

including the in-plane exchange interactionJ1 between
neighboring spins within each layer, the intrabilayer e
changeJ2 between neighboring spins in different laye

il:

e

FIG. 1. Mn spin arrangement of La1.2Sr1.8Mn2O7 in the tetragonal unit cell
with space groupI4/mmm. The exchange interactionsJ1 ~solid lines!, J2

~dotted line!, andJ3 ~dashed–dotted lines! included in the spin wave calcu
lation are shown for layerC.
6 © 2000 American Institute of Physics
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within each bilayer, and the interbilayer exchangeJ3 be-
tween spins in different bilayers, as defined in Fig. 1. T
Hamiltonian is easily diagonalized in reciprocal space13 us-
ing the standard Holstein–Primakoff approach. Since
primitive unit cell contains a two spin basis, we obtain tw
spin-wave branches

\vl~q!/S54J11J214J322J1@cos~qxa!1cos~qyb!#

7ugu, ~2a!

wherel labels the acoustic (2) and optic (1) spin waves,
respectively, and

g5ugueif5J214J3cosS qxa

2 D cosS qyb

2 DexpS 2 i
qzc

2 D .

~2b!

In terms of these excitations, the one-magnon cross sec
for unpolarized neutron scattering takes the form

]2s

]V]v
;

kf

ki
S 11

Qx
2

Q2D F1

2
g f~Q!G2

e22W(Q)

3(
qtl

Fnl~q!1
1

2
6

1

2Gd@\v7\vl~q!#

3d@Q7q2t#@16cos~2zcQz1f!#, ~3!

whereQ5k i2k f is the momentum transfer,k i andk f are the
wave vectors of the incoming and scattered neutrons, res
tively, \v is the energy transfer,t is a reciprocal lattice
vector,13 f (Q) is the magnetic form factor,W(Q) is the
Debye–Waller factor, andnl(q) is the population factor of
the spin-wave excitation\vl(q). The sign in the last facto
of Eq. ~3! refers to the acoustic (1) and optic (2) spin
wave modes, whereas the other signs denote the creation
annihilation of a spin wave, respectively. For a strong
change anisotropyJ2@J3 , f' 0 and the neutron scatterin
intensity is modulated according to 16 cos(2zcQc), wherez
defines the relative positionrMn 5 ~0,0,z) of the Mn ion
within the I4/mmm unit cell. Sincez 5 0.096 in the 40%
doped bilayer compound,1 the intensity of the acoustic mod
peaks atQz 5 0 and falls to zero atl 5 Qzc/2p ' 2.59, and
vice versafor the optic mode.

III. EXPERIMENTAL RESULTS

A single crystal of dimensions 13436 mm3 of the 40%
bilayer compound La1.2Sr1.8Mn2O7 was grown using the
floating zone technique. This crystal was subsequently c
acterized and used in various different experiments.2–5 Neu-
tron scattering measurements were conducted on the tr
axis spectrometer SPINS, installed on a cold neutron guid
NIST. Energy spectra were measured in constantQ scans
with fixed final energiesEf 5 3.7 and 2.8 meV. A cooled
beryllium filter was used to suppress higher order conta
nation.

The spin-wave dispersion alongG2Z, corresponding to
q 5 @00qz#, was measured at different temperatures in sc
around (00l ) and (10l ). Figure 2 shows examples of sp
wave excitations, both in creation (\v. 0! and annihilation
(\v, 0!, measured atQ 5 ~1,0,0.2!, i. e., at a reduced wav
Downloaded 22 Jul 2005 to 128.111.9.14. Redistribution subject to AIP
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vectorq 5 ~0,0,0.8! away fromt5~101!, at temperaturesT
5 50 K and 100 K, respectively. The resulting dispersi
curve for the acoustic branch atT 5 50 K is shown in Fig. 3.
For J3 /J2 ! 1, the dispersion relation Eq.~2! for the acous-
tic mode along theG-Z direction is well approximated by

\vac~qz!54J3SF12cosS qzc

2 D G1D, ~4!

whereD accounts in first order for a possible anisotropy ga
With this approximation, we can obtain the interbilayer e
change constant from a least squares fit to the observed
persion without needing to know the values of the intra
layer constantJ2, although the latter has been determin
from thermal neutron scattering experiments to beJ2S ' 3
meV.7,8 As is seen in Fig. 3, allowing for an anisotropy ga
gives much better agreement with the observed dispers
The best fit value for the interbilayer coupling in the anis
tropic case isJ3S 5 0.048~1! meV atT 5 50 K with a gapD
5 0.077~3! meV, whereasJ3S 5 0.064~2! meV when the
gap is fixed at zero.

These values are in agreement with the recent invest
tion of a nominally equal composition by Chatterjiet al.9

However, the anisotropy gapD that we derive is nearly twice
as large, either because we were able to measure closer t
zone boundary or because of differences in the two sam
compositions. Differences in sample composition are s

FIG. 2. Spin wave excitations in La1.2Sr1.8Mn2O7 measured on SPINS with
fixed final energyEf 5 3.7 meV atT 5 50 K ~solid circles! andT 5 110 K
~open circles, shifted by 30 counts!, respectively.

FIG. 3. Spin wave dispersion alongq 5 ~00qz) in La1.2Sr1.8Mn2O7 mea-
sured atQ 5 ~1,0,12qz). The solid ~dashed! line is the result of a least
squares fit to Eq.~4! including ~without! an anisotropy gapD.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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gested by the larger value ofTC 5128 K reported in Ref. 9,
which would be consistent with a lower hole concentration
their sample, see Ref. 11.

Previous inelastic neutron scattering investigations h
determined the in-plane and interbilayer exchange inte
tions to be J1S510.1 meV and J2S53.1 meV,
respectively.7,8 The resulting anisotropy in the exchange co
stantsJ1/J3'200 is similar to the anisotropy observed
transport properties.10 This directly verifies the quasi two
dimensionality of the spin correlations belowTC , which has
previously been observed in the paramagnetic diffuse s
tering aboveTC .2,6 In a detailed analysis of the correlatio
length and static susceptibility, both above and belowTC ,
we found that the spin correlations are in quantitative agr
ment with the conventional model for quasi-2D XY magne
with a crossover to three-dimensional scaling close toTC .
We therefore concluded that the phase transition is driven
conventional magnetic correlations rather than the growth
magnetic polarons.4 However, the strong dependence of t
transition temperature on hole doping11 leads to a smeare
transition in the form of a GaussianTC distribution with a
standard deviation of 1.5 K for 0.4% variation in the ho
doping, which makes the investigation of the true critic
behavior difficult.

Figure 4 shows the temperature dependence of the s
wave excitation energy at the zone boundary (Z point! to-
gether with the bulk magnetization measured by elastic n
tron scattering.2 In the random phase approximation, th
spin-wave energy is proportional to the magnetization in r
sonable agreement with our observations. There is also
evidence of an anomalous loss of intensity as observe
some perovskite compounds,12 confirming that the transition
is a conventional second-order one in the present compo

FIG. 4. Temperature dependence of theZ point acoustic spin wave excita
tion in La1.2Sr1.8Mn2O7. Overplotted~in arbitrary units! is the magnetization
~line! obtained from neutron diffraction measurements of the~002! Bragg
peak, from Ref. 2.
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